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It has been argued that any primordial B + L asymmetry existing at very high tem- 
peratures can be subsequently erased by anomalous electroweak effects. We argue that this 
is not necessarily the case in the supersymmetric standard model because, apart from B 
and/or L, there are, above a certain temperature Tss, two other anomalous U(l) currents. 
As a consequence, anomalous electroweak effects are only able to partially transform a 
B + L excess into a generation of primordial sparticle (e.g. gaugino) density. This relaxes 
recent bounds on B, L- violating non-renormalizable couplings by several orders of mag- 
nitude. In particular, dimension-5 couplings inducing neutrino masses may be 4 orders 
of magnitude larger than in the non-supersymmetric case, allowing for neutrino masses 
m v < 10 eV. These values are consistent with a MSW+see-saw explanation of the solar- 
neutrino data and also with possible <-> v T oscillations measurable at accelerators. 
Cosmological bounds on other rare processes, such as neutron-antineutron oscillations get 
also relaxed by several orders of magnitude compared with previous estimates. 
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1. Introduction 

Non-perturbative Standard Model effects can play a fundamental role in particle inter- 
actions at high temperatures and have to be taken into account in any description of 
the early history of the universe . The violation of B + L (where B and L are the baryon 
and lepton numbers, respectively) from the anomaly structure of the weak interactions has 
led to dramatic conclusions about the generation of the baryon-number asymmetry of the 
universe. In particular, if there is a primordial generation of B + L from a high-energy 
extension of the Standard Model (or as initial conditions), the electroweak processes gen- 
erated by the anomaly will erase any B + L excess as long as the original B — L = 0. 
Furthermore, if some effective interactions are generated by the high-energy theory which 
violate B and/or L and they are in equilibrium with the electroweak processes, then the 
whole baryon and lepton asymmetry disappears. Arranging that these different processes 
are out of equilibrium in terms of the expansion of the universe, puts strong constraints 
on the couplings multiplying these interactions in the effective Lagrangian. In particular, 
this argument has been used in |4|,|5]|| to find very strong cosmological limits on neutrino 
masses and in to constrain the non-renormalizable B and/or L-violating operators 
in supersymmetric models which are generically much stronger than any laboratory-based 
bounds. 

In this note we analyse these issues in the context of the supersymmetric standard 
model (SSM). We show that all dimension- four (renormalizable) couplings in the SSM 
are invariant under two global (R) symmetries, contrary to the situation in the Stan- 
dard Model, where there are no more global symmetries than B and Li. Similar to the 
situation of B + L, these symmetries are anomalous. Convenient combinations can be 
chosen such that one has SU(2) mixed anomalies and the second has SU(3) mixed anom- 
alies. Actually they are further broken at the super symmetry-breaking scale by the soft 
SUSY-breaking and Higgsino mass terms; however, for sufficiently high temperatures (to 
be specified below), these are good global symmetries (up to anomalies) which will induce 
non-perturbative operators through the anomaly, violating these symmetries together with 
B + L. By standard arguments these couplings will not be exponentially suppressed at 
high temperatures 0. Taking these interactions into account, we make an equilibrium 
thermodynamics analysis of the possible interactions of the SSM, and conclude that the 
situation is drastically changed from previous studies. Contrary to the Standard Model 
case, primordial B + L is no longer erased, even for B — L = 0; instead the net excess 
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of B + L is partially converted into the generation of supersymmetric particles such as 
gauginos and Higgsinos (at least for T > 10 7 GeV). In this sense, our mechanism can be 
seen as a realization of a scenario proposed in || , for which extra global symmetries in ex- 
tensions of the Standard Model could avoid erasing the baryon asymmetry of the universe. 
There is an important difference though. In our case the extra global symmetries are only 
good symmetries above a certain temperature T$s ~ 10 7 GeV, and hence provide only a 
partial protection against the erasing of the primordial baryon asymmetry. At tempera- 
tures below T55, the Standard Model situation is recovered as far as baryon and lepton 
density is concerned. Thus, in particular, a primordial (B — L) generation is required for 
a baryon asymmetry to remain at low energies. On the other hand we have found that 
the different situation for temperatures above T$s plays a crucial role for determining 
the cosmo logical limits on non-renormalizable couplings violating baryon and/or lepton 
numbers. In particular we found that previous bounds on neutrino masses 1 - H and 
neutron-antineutron oscillations |7j are relaxed for more than five orders of magnitude, 
making the neutrino-masses limit consistent with an MSW+see-saw explanation of the 
number of solar neutrinos. 

2. Global Symmetries in the Supersymmetric Standard Model 

We will consider the minimal supersymmetric extension of the Standard Model with 
gauge symmetry SU(3) x SU(2) x U(l), three generations of quark (Q,u c L ,d1 ) and lep- 
ton (L, El) superfields, and two Higgs doublets superfields (H,H). The gauge-invariant 
dimension-four operators that can appear in the superpotential are: 

W = h u Q L u c L H + h d Q L d c L H + h { L L E C L H 

(2.1) 

+h B u c L d c L d c L + h L Q L d c L L + h' L L L L L E C L , 

where generation and gauge indices have been suppressed. Dimension-three operators like 
fiHH and \x'LH can also be included (although the latter can be set to zero by a field 
redefinition). The first three terms in ( |2.1| ) provide masses to quarks and leptons, whereas 
the last three violate baryon or lepton number and their couplings have to be restricted 
by phenomenological arguments such as the stabilty of the proton. 

It is well known that the Standard Model couplings are automatically invariant under 
the four global symmetries B, Li, i = e, /z, r. The anomaly of the combination B + L (L = 
^2 Li) is responsible for the interesting physical effects at high temperatures mentioned 
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above. In a similar way we can investigate the global symmetries of the supersymmetric 
standard model (SSM) we just described. In fact this question was indirectly discussed 



in the study of discrete gauge symmetries in ref. |T0] with the conclusion that there are 
two global symmetries that preserve all couplings in (|2.1|) . In the notation of ref. |10| they 
correspond to a regular symmetry U(1)a = gpQ and an R symmetry U(1)r = I. In table 1 
we present the way they act on the fermion components of the matter and gauge superfields 
(we denote by a tilde the superpartner of a Standard Model field). For U(1)r the bosonic 
component of the superfield has one unit more than the corresponding fermion. 

Knowing how all the fields of the SSM transform under the symmetries, it is straight- 
forward to study the mixed anomalies with the gauge symmetries. The SU(N) — SU(N) — 
£7(1) anomaly is given by 

A = Y^c 2 (R)mi , (2-2) 

R,i 

where C2(R) is the quadratic Casimir operator in the representation R of SU(N) and the 
sum is also over the particles with charge qi and degeneracy \i{ in the given representation. 
We are using standard conventions for which c<i{RC) = \ in the fundamental representation 
and C2(R) = N in the adjoint. For U(l)y — U(l)y — U(l) anomalies A = YliVflii where 
iji are the Y charges of the particles. 

Using these expressions, we found that both symmetries have mixed anomalies for any 
number of generations N g and Higgs pairs (if, H) Nh, as shown in table 1. It is convenient 
to define two independent combinations R2 = I Na ^g%Q Na and R3 = I N a~ Nh xgp^ Nh ANa 
with the property that Rn has only SU(N) and f7(l)y mixed anomalies. Their action on 
the fermionic components of the supermultiplets is also shown in table 1. Notice that the 
combination B + L + R2 has no SU(2) nor 577(3) mixed anomalies for the physical case 
N g = 3. Thus, just like B — L, the symmetry B + L + R 2 is absolutely conserved (up to 
soft symmetry-breaking terms). 

Once super symmetry is broken at a scale M55, these global symmetries will also be 
explicitly broken by soft-breaking terms such as gaugino masses. Also the dimension-3 
operator in the superpotential \iHK breaks R2 and -R3 at a similar scale (fi ~ Mss)- At 
sufficiently high temperatures (see below), these symmetries are exact up to anomalies, a 
situation analogous to that of B + L in the Standard Model. 

Let us now restrict to the case where all B- or L- violating terms in ( |2.1| ) are forbidden. 
Therefore there will be a total of six global symmetries S,Li,i?2 and R3, where R2 and 
B+L have mixed SU(2) anomalies and R3 has mixed SU(3) anomalies. In order to explore 
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the physical consequences of these anomalies we have to find the effective operators that 
they generate. For the Standard Model the effective operator from the (B + L) — SU(2) 2 
anomaly is 1TTI 

0\ = (QlQlQlL l ) n ° (2.3) 

where the three quarks have different colours to make an SU(3) singlet and the power of 
N g is actually a product over generations. The structure of this operator can be under- 
stood as follows. Each of the fields transforming non-trivially under SU(2) enters once, 
exactly in the way they contribute to the anomaly, i.e. proportional to the Casimir of the 
corresponding representation. This corresponds to the standard counting of fermionic zero 
modes in an instanton background. The net effect of the anomaly is then to create this 
operator out of the vacuum and then induce B + L violation. Instantons can create it at 
zero temperature but it is exponentially suppressed, since it is a tunnelling effect, whereas 
at high temperatures there is enough energy to go through the potential barrier and this 
operator is believed to appear with an unsuppressed coefficient, changing the net baryon 
number of the universe. 

Following the same argument for the structure of the effective operators generated by 
SU{2) non-perturbative effects, one expects in the SSM an effective multifermion interac- 
tion: 

O2 = (QlQlQlLl) N ° (HS) Nh W' i , (2.4) 

where now the Nh higgsinos (H, H) and the winos (W) transforming non-trivially under 
SU{2) also contribute to the anomaly and then to ( |2.4j ), in a way proportional to the 
Casimir of the corresponding representation. Notice that this operator is automatically 
gauge, B — L, R3 and B + L + Ri invariant, as it should. For the -R3 — SU (3) 2 anomaly 
the corresponding operator is 

O3 = (Q L QLU c L d c L ) N *f . (2.5) 

Again (|2.5| ) violates R3 and preserves all the other symmetries of the model. We therefore 
expect that ( |2.4|) and (|2.5|) will play a role in the SSM at high temperatures affecting the 



baryon density of the universe. 

One may wonder whether the existence of the above anomalous global symmetries 
is just a property of the minimal version of the supersymmetric standard model. We 
find that this seems to be quite a generic feature of SUSY extensions of the SM. For 
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example, one may consider a model with an extra singlet chiral superfield N with su- 
perpotential couplings (NHH) and N 3 . This has the advantage that the superpotential 
is classically scale-invariant and one does not need to introduce an ad hoc \x parameter. 
Again one can check that this model has a 17(1) i?-symmetry which assigns the charges 
for chiral fermions Q R (Q, U, D, L, E, H, H, N) = (-1/6, -1, 0, -5/6, 2/3, -5/6, 1/6, -1/3) 
and Qn(g,W,B) = —1 for gauginos. This symmetry has both mixed SU(2) and SU(3) 
anomalies and the above arguments still apply. 



3. Thermodynamic Equilibrium 

The question we will address now is, given a primordial excess of B and L, how they 
evolve if the reactions induced by (|2.4| ) and ( j2.5| ) are in thermal equilibrium, i.e. they occur 
faster than the expansion rate of the universe parametrized by the Hubble constant. For 
this we need to express the B and L number density in terms of chemical potentials. Using 
the constraint that all the SSM interactions be in thermal equilibrium, we will find only 
a few independent chemical potentials on which depend all the number densities. Extra 



constraints are obtained if the anomalous processes (|2.4|) and (|2.5| ) are also in equilibrium. 

For ultrarelativistic particles, the equilibrium number density An (difference of par- 
ticles and antiparticles) of a particle species, depends on the temperature T and chemical 
potential \i of the respective particles in the following way: 

An _ 15 fir ,jtiv (2 bosons ^ ^ 

s A-K 2 g*T'\l fermions 

where s = 2tt 2 g*T 3 / '45 is the entropy density, g is the number of internal degrees of 
freedom and g* is the total number of degrees of freedom (~ 200 in the supersymmetric 
case). For simplicity of notation, we will name the chemical potential of a given particle 
by the name of the corresponding particle. Since we will work at scales much higher than 
Mw, we assume that all the particles in the same SU(3) x SU(2) x £7(1) multiplet have the 
same chemical potential and that the corresponding gauge fields have vanishing chemical 
potential. Because of generation-mixing interactions, the quark potentials will be taken 
generation-independent. This will not be the case for the leptons since lepton generation- 
mixing is not generically present in the absence of right-handed neutrinos. Also, since 
the interactions in ( |2.1| ) are assumed to exist for all the Higgses, they will have the same 
chemical potential. Then, we have to consider 25 = 2x11 + 3 independent chemical 
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potentials for the SM particles (with two Higgses) plus their superpartners and the three 
gauginos W, g, B°. 

The interactions in ( |2.1| ) imply 



u c L + Q L + H = 

d c L + Q L + H = . (3.2) 
E c l + L\ + H = 

Gaugino couplings of the SSM imply also: 

Ql = Ql ~ 9 = Ql ~ B° 



(3.3) 



LI =U L -W = U L -B 



H = H + W = H + B° 
ti = H + W = H + B°, 

with similar relations for the right-handed quarks and leptons. If all these processes are 
simultaneously in equilibrium, we will have B° = W = g. We are then left with the inde- 
pendent chemical potentials Ql, L L , H, H, g. In terms of these variables we can express, 
using (|3.1|), the baryon and lepton number densities 

B = -^2^{ N 9^Ql - u c L -di + 2(2Q L - u c L - d c L ))} 



15Na {12Q L + 3(H + H) 



^ 2 g,T 

15 



{£(2^ -££ + 2(2^ -£*))} 



(3.4) 



45N ° ;{3L L + H-2~g} . 



^ 2 g,T 

Here we have defined L,L = jf- J2i ^l- We can a ^ so compute the total electric charge den- 
sity Q and impose the constraint || that it vanishes in a universe in thermal equilibrium. 
This implies 

Q = -^-{2N g (Q L -ul + 2(Q L - ul)) - N g (Q L - d c L + 2(Q L - d L )) 
47T g*i 



- J2( L l ~ Eg + 2{l\ - Eg)) + 2N h (H - H) + N h (H - H)} 

i 

{QN 9 (Ql - L L ) + 3(N h + 2N g )(H - H)} = 0. 
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Of course, the same result is obtained if we imposse the vanishing of the overall weak 
hypercharge instead of the charge. Now we will use the condition that the SU(2) anomalous 
couplings obtained from (|2.4| ) are also in equilibrium at high temperatures, thus implying 



the relation 

3N g Q L +N g L L + N h (H + 5)+4W = ; (3.6) 
if all the processes ( |3.2|) and ( |3.3|) are in equilibrium, this reduces to: 



SN g Q L + N g L L + N h (H + H) + (4 + 2N h )g = 0. (3.7) 



In a similar way, if the SU(3) anomalous interactions (|2.5|) are in thermal equilibrium, we 
will get the condition 

2Q L + u c L + d c L + 2g = 0. (3.8) 



Again, if the interactions (|3.2| ) and ( |3.3j ) are in thermal equilibrium ( |3.8| ) reduces to 

N g (H + H) -6£ = 0. (3.9) 



The condition of vanishing electric charge, together with ( |3.7j ), reduce the number of 
independent variables to Ql, H and g. It is straightforward to see that inserting them into 
( |3.4|) will imply a non-vanishing B + L, even if B — L = as was the case for the SM; 
the reason is that we have more independent variables and the system of homogeneous 
linear equations will then have a non- vanishing solution. We believe however that, for 
consistency, the anomalous QCD couplings also have to be in equilibrium, implying the 
further constraint ( |3.8j ). We will show explicitly that, even in this case, the same conclusion 
holds. We have now only two independent variables Ql and g. Plugging the conditions 
( jO|) , ( |3.6|) and (|3.8|) , we find the expression for the baryon and lepton densities, 



30 

B = ^~^{ QN 9 Ql ~ (4N g -9)g}, 

L ~ N h + 2N g Ql + ° (iV *' Nh)9} 



(3.10) 



where 



2N g {2N g 2 + 6N g N h + 3N h 2 ) + (UN g 2 + 39N g N h + 18Af 

N g (N h + 2N g) 



We can easily see that even setting B — L = (which implies Ql = —151/237(7 for 
N g = 3, Nh = 1) we will get a non-vanishing (B + L) oc g ^ 0, indicating that the baryon 
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asymmetry does not disappear and the baryon excess partially transforms into supersym- 
metric particles. This is nothing but a reflection of the fact that, in the supersymmetric 
case it is B + L — R2 (and not just B + L) which is anomalous, and B + L + R2 is anomaly- 
free. Notice also that the fact that we are left at the end with two independent chemical 
potentials Ql and g is a consecuence of the two nonanomalous symmetries B — L and 
B + L + R2 in agreement with the fact that there is a chemical potential associated with 
each continuous symmetry. In the case of an extended supersymmetric model with an 



extra singlet iV as discussed in section 2, the same results as in (|3.10| ) hold. The only 
difference is the presence of equilibrium chemical potentials for the extra singlet N = —4g, 
N = 2~g. 



4. Bounds on B/L- violating non-renormalizable operators 

In all the above we assumed unbroken supersymmetry and no explicit Higgsino mass 
terms (iHH in the superpotential. These terms break explicitely the U(1)a and U(1)r 
symmetries in table 1. Thus both R2 and -R3 are explicitely (but softly) broken by those 
two effects. In particular, gaugino Majorana masses Mg, Myh, and soft trilinear scalar 
couplings proportional to the superpotential explicitely break R 2 and R3 (this is not the 
case of soft scalar masses which preserve both), and the same is true for Higgsino masses \i. 
Let us take for simplicity all these soft terms equal to a single symmetry-breaking param- 
eter M$s ~ 10 2 GeV. One would naively expect that for temperatures above M$s these 
symmetry-breaking effects would be negligible, in analogy with what happens in sponta- 
neously broken gauge symmetries such as the electroweak. However the above symmetry- 
breaking is not spontaneous but explicit and there is no reason to expect the restauration 
of the symmetry above M$s- Rather, the relevant question is above which temperature 
the effect of the soft symmetry-breaking terms falls out of thermal equilibrium. This tem- 
perature, T55, turns out to be substantially higher than M55. One can easily estimate 
this temperature, above which, the symmetries R2,?, hold. To do that, one compares the 
rate for these symmetry-breaking effects, which may be estimated as 

r ss - (4.1) 

with the expansion rate of the universe Fh — 30 x T 2 /Mpi anc k. Then one finds that the 
i?2,3 and supersymmetry-breaking effects are outside thermal equilibrium for 

T > T SS * 3^73 M% 3 M p {l nck ~ 10 7 GeV , (4.2) 



where we have taken M$s — 10 2 GeV for the numerical evaluation. Thus above this 
temperature the arguments given in the previous section apply. Below that temperature, 
the explicit gaugino and Higgsino masses force the gaugino chemical potentials to vanish 
and the results of previous analyses are recovered. In particular, formulae (|3.10|) coincide 
with those in |12| and in that limit (up to an overall factor). Thus if one wants a baryon 
asymmetry to remain, there must be, also in this case, a B — L asymmetry created above 
the Tss scale. The main difference between our results and those in previous analyses 
appears when there are additional B /L- violating non-renormalizable couplings. 

Let us consider now how the present analysis is modified in the presence of extra non- 
renormalizable interactions violating B and/or L symmetries. Some of those operators are 
relevant for the generation of phenomena such as neutrino masses or neutron-antineutron 
oscillations, as we discuss below. Any such operator of dimension D = 4 + n has the form 

°» = jj^T > ( 43 ) 

where $, \& denote generic scalar and fermion fields of the SSM and M is some mass scale 
characterizing the size of the interaction. At temperatures below M, these interactions 
occur at a rate 

rp2n+l 

r » ~ M^T (4-4) 
and they are in thermal equilibrium at temperatures 

i 

Qf) M 2n 271-1 

T > • (4.5) 

iVlpianck 

If these non-renormalizable interactions are in thermal equilibrium, they lead to further 
equilibrium constraints. In the absence of the extra supersymmetric chemical potentials 
described above (i.e. for g = 0), the new equilibrium constraints coming from B and/or L 
violating non-renormalizable interactions will erase the primordial B- and L- asymmetries. 
This was used in Ref. to find very stringent constraints on the scales and couplings of 
those interactions. 

In the supersymmetric case things change. For temperatures T > T$s the effect of 
supersymmetric particles cannot be neglected, i.e. one has to consider in general a non- 
vanishing gaugino chemical potential g ^ 0. Thus, although there is an extra constraint 
for a given non-renormalizable B / L- violating coupling, there is also a new free variable (g) 
in the equilibrium equations. The net effect of this is that, if there was a non-vanishing 
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primordial B — L, it is not erased by the B/L terms in thermal equilibrium but it is only 
partially transformed into supersymmetric particles. Thus the primordial B — L density 
is safe as long the B/L- violating terms are in thermal equilibrium above the T$s scale. 
Below that temperature those interactions have to be outside thermal equilibrium because 
the protection provided by the supersymmetric partners dissapears. Thus M has to be 
accordingly constrained and one gets, from (|4.5|) : 

I 1 J_ 2n-l 

M > y^xM^xT,- ; (4.6) 

recalling (fO|), one finally gets in terms of Mgs '■ 

M > (i) 2 ^ x M^ nck x . (4.7) 

Numerically, for M$s = 10 2 GeV, the following lower bound on the mass parameter M 
characteristic of the non-renormalizable interaction is found 

M > 3~T^ x 10 (7 + 5/n) GeV . (4.8) 

This is to be compared with the equivalent expression obtained without taking the super- 
symmetric effects into account 

M > 10 (14 + 2/n) GeV . (4.9) 

One can see that the effects of the supersymmetry protection relaxes by several orders 
of magnitude the bounds obtained for M. Let us now discuss some particular B/L non- 
renormalizable operators of some special phenomeno logical interest. 
A particularly interesting case is that of the operator 

O v = (L L L L HH) F , (4.10) 

which gives rise to Majorana neutrino masses upon electroweak symmetry breaking of 
order m v ~< H > 2 /M. If O v is in thermal equilibrium we will have the extra chemical 
potential constraint 

L L + H = . (4.11) 

Above the Tss temperature one finds then that g = —99/59 Ql and there is only one 
independent chemical potential, e.g. Ql- Then one has (B + L) oc Ql oc (B — L), and as 
long as there was (or is created) a B — L excess, the B asymmetry is not erased. Below 
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Tssi 9 = and the baryon asymmetry disappears unless the O v interaction gets outside 
thermal equilibrium. Imposing that condition one gets 

M > 3^73 x M%l nck x M X Jg ~ 10 12 GeV (4.12) 

which in turn corresponds to a limit on (the heaviest) neutrino mass 

m v < 10 eV . (4.13) 

This is to be compared with the much stronger limit [pi - H, m v < 10 -3 eV, obtained 
ignoring the existence of the additional global currents. Physically these four orders of 
magnitude are very important, since a r-neutrino mass of order 10 eV would be compat- 
ible with a MSW explanation []r3| of solar neutrino data for see-saw-like neutrino mass 



hierarchies |T^] . Furthermore it would allow for terrestrial measurements of <-> v 7 



oscillations. 

Concerning baryogenesis, this scheme is compatible with a, B — L-number generation 
at a temperature T ~ M ~ 10 12 GeV, which is not erased in the region Tss < T < M, 
because it is protected by supersymmetry, and is not erased for T < Tss either because 
the interactions O v are then outside thermal equilibrium. 



A similar analysis may be done for the AB = 2 dim=7 SUSY-operator 15 



On-n = ^3 (UDDUDD)f , (4.14) 

where we denote U = u c L ,D = d c L . This operator gives rise (when conveniently 'dressed') 
to neutron-antineutron oscilations. If O n -n is in thermal equilibrium one gets the chemical 
potential constraint 

2D + U = 2g (4.15) 

which, when combined with the rest of the equilibrium equations, yields g = — 11/5Ql- 
Again, as long as an initial B — L excess is present, the B asymmetry is not erased above 
Tss- Requiring that below Tss the interaction O n _ s is outside thermal equilibrium leads 
to 

M > (1)V6 x M% 9 anck x M% 9 ~ 10 9 GeV. (4.16) 

This lower bound is six orders of magnitude weaker than the one computed ignoring 
the extra global symmetries i?2, ^3- After the 'SUSY-dressing' of the operator O n ^^, one 
gets a coefficient for the relevant 6-quark dimension-9 operator G n ^ n ~ a2 /(M 3 Mg S ). 
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The oscillation period is estimated to be r n ^n ~ 1/Sm with dm ~ G n ^n(GeV) 5 x (0.6 x 
10" 5 ) GeV 0,0. Using the experimental limit |TJ T n ^ n > 1.2 x 10 8 s. , one gets a 
bound M > 10 8 GeV. This is quite close to our cosmological limit and hence one cannot 
exclude the observability of neutron-antineutron oscillations coming from dimension-7 su- 
persymmetric operators. This is to be contrasted with the result obtained ignoring the 
above thermodynamic analysis, which would rule out the observability of such effect by 6 
orders of magnitude. This shows us again how the existence of extra anomalous global cur- 
rents above the T$s scale leads to substantial modifications of previous phenomenological 
constraints. 

A similar analysis may be carried out for other B- and L-violating operators of di- 
mension bigger than four. Notice that the simultaneous presence of more than one B/L- 
violating operator may be dangerous, since in this case there will be in general more 
equations than free extra chemical potential varieties; this typically yields the equilib- 
rium condition g = 0, and the whole analysis would be similar to the non-supersymmetric 
case. The dim=5 operators (QQQL)p and (UUDE)f completely relax g to zero, but 
these operators must be very much supressed anyway (M > 10 16 GeV), since otherwise 
they would induce by themselves fast proton decay. The bound on the relevant dimen- 
sional scale M characterizing each operator may be obtained from (^4.8|) . One just gets 
M > 10 12 , 10 10 , 10 9 for dim=5,6,7 respectively, and from there one can easily estimate its 
possible phenomenological relevance. 

Notice also that the above considerations do not substantially modify the situation 
concerning the bounds on dimension-4 12-parity- violating operators J7L0]. Indeed, for 
renormalizable couplings, the strongest bounds are obtained for the B/L- violating op- 
erators being in thermal equilibrium at the critical S't/(2)-breaking temperature T c . Since 
T c <C T$s, at those temperatures the global i?2,3 symmetries are badly broken and the 
standard analysis ignoring these effects applies. Thus in models with ( no n- negligible) 
dimension-4 i?-parity-violating couplings, there must exist a low- energy baryogenesis (un- 
less e.g. one of the lepton numbers is conserved ). 

Let us briefly summarize the results obtained in this letter. We have performed a 
thermodynamic equilibrium analysis concerning the baryon- and lepton- number densities 
in the SSM. We argued that above a certain temperature T$s ~ 10 7 GeV, there are further 
global (anomalous) symmetries beyond B and L. At these temperatures not only is (B — L) 
anomaly- free but also B + L + R2, and the electroweak anomaly partially transforms a 
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possible baryon excess into supersymmetric particle (e.g. gaugino) density. This has im- 
portant consequences on the cosmo logical bounds on S/L-violating non-renormalizable 
interactions recently obtained by imposing that a primordial baryon asymmetry is not 
erased. Those bounds are relaxed by several orders of magnitude and are then consistent 
with interesting measurable effects in neutrino physics and other rare phenomena. Super- 
symmetry is the ultimate cause of these modifications and one can say that, in this sense, 
supersymmetry protects (at least partially) the primordial baryon asymmetry. 
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Table 1 

Charges of fermionic components of SSM superfields under the global symmetries and 
mixed anomalies with gauge groups for any number of generations N g and Higgss pairs 



